ABSTRACT In order to improve the communication quality of relay-based D2D communication, this paper proposed a relay selection algorithm with the consideration of the information of the social domain and the physical domain. First, the transmission performance of D2D relay communication in the halfduplex relay mode and the full-duplex relay mode is analyzed separately in the physical domain. Second, we analyzed the user's history check-in information to obtain the characteristics of user's mobility and the social relationship strength between users. Finally, we proposed a relay communication gain metric to measure the extent of transmission performance improvement brought by D2D relay communication and developed a relay selection algorithm for maximizing the relay communication gain. The simulation results show that compared with the traditional D2D relay communication scheme, the transmission rate and stability of the transmission link of the D2D relay communication system using the proposed algorithm are greatly improved.
I. INTRODUCTION
With the rapid development of the Mobile Internet, it is expected that global mobile data traffic will increase by about 7 times from 2016 to 2021 [1] . The huge amount of data and the increasing transmission quality requirements of users will put tremendous pressure on the wireless communication system. D2D communication technology allows mobile devices in close proximity to communicate directly without the help of the base station once the D2D link is established. It can unload the traffic of the base station and reduce the burden on the base station. And the D2D communication users can reuse the channel resources with the ordinary cellular users, which can greatly improve the spectrum efficiency [2] , [3] .
Since D2D communication is a short-range communication technology, its effective communication coverage area is limited. And in the city, due to building occlusion and co-channel interference from cellular devices, the transmission signal will be greatly attenuated. In many scenarios, if two users use D2D single-hop direct communication, the transmission performance may be very poor, and communication interruption may even occur. Therefore, it is considered to adopt a D2D multi-hop relay communication method, the performance may be improved by selecting a suitable relay node to forward the data sent by the D2D transmitter to the D2D receiver. On the one hand, the relay node may have better channel quality between the receiver and the transmitter. On the other hand, the relay node can also amplify the attenuated signal. The D2D relay communication method can improve the transmission rate of the system with a poor quality D2D link, expand the transmission range, and then optimize the capacity as well as resource utilization efficiency of the entire network. With the continuous maturity of self-interference cancellation technology, combined with the characteristics of short-distance direct transmission and low transmission power of D2D communication, D2D full-duplex relay communication has been realized [4] . Adopting the D2D full-duplex relay communication mode, the transmission rate and spectrum efficiency of the system will be further improved.
In D2D relay communication, the selection of relay node is the key to improve transmission performance [5] . First, the channel quality of the D2D link between the relay node and transmitter or receiver must be good enough so that the better transmission rate can be guaranteed. In addition, the relay node should consume a large amount of energy to forward data and its system resources also be occupied in D2D relay communication. If the wish of the relay node and the social relationship strength between users are ignored in the relay selection, it is likely to result in the negative cooperation of the relay node. And because the user has strong mobility, if the relay node is improperly selected, it is likely that the relay transmission link is disconnected due to the movement of the relay user. All of the above factors will affect the stability of the relay transmission link and the quality of the user experience, which in turn affects the long-term gain of D2D relay communication [6] . In fact, with the rapid development of the Social Network and the increasing popularity of mobile intelligent terminals, more and more users are accustomed to using smart terminals to perform location check-in on social network platforms. Massive check-in data brings great convenience for us to analyze user's mobile behavior characteristics and social relationships of users. The main contributions of this paper are as follows:
• The user's check-in interest is analyzed according to the user history check-in information, and the user is divided into interest communities according to the user's check-in interest. The user link prediction method is used to calculate the probability of generating links between users, which represents the strength of the social relationship between users, and the social relationship strength metric reflects the similarity of the user's check-in location, check-in interest and mobile behavior.
• The one-dimensional kernel density estimation method is used to personally model the user's check-in time. The similarity of the user's check-in time is indicated by the cosine similarity of the user's check-in time distribution, and the check-in time similarity is used to update the social relationship strength between users.
• The relay communication gain metric is proposed to measure the transmission performance gain caused by the D2D relay communication.
• Based on maximum relay communication gain for relay and mode selection algorithm (MGRMS) is proposed. By selecting an appropriate relay node and flexibly switching between D2D half-duplex relay mode and D2D full-duplex relay mode, the transmission rate and the stability of the relay link are greatly improved. The rest of this paper is organized as follows. The related works are introduced in Section II. The D2D relay communication system model is given in Section III. The performance of D2D half-duplex relay communication and D2D full-duplex relay communication in the physical domain are analyzed in Section IV. Section V introduces the social relationship aware method based on user check-in information. Section VI proposes the relay communication gain metric and the MGRMS algorithm. Simulation results are analyzed in Section VII. Finally, the conclusion is given in Section VIII.
II. RELATED WORK
D2D relay communication uses relay nodes to forward data, thereby expanding communication range and increasing transmission rate and system capacity. It has received extensive attention and research and is proposed to improve the communication quality of the cell edge users in the 3rd Generation Partnership Project (3GPP) Long Term Evolution (LTE-Advanced). Since any change of the state of the relay node may affect the transmission performance of the D2D relay communication, the selection of the relay node is the focus of the research on the D2D relay communication.
A D2D relay assistance communication mechanism jointed resource allocation and two-level relay selection is proposed in [7] . By predetermining the relay selection range and then selecting the relay node, the complexity of the relay selection algorithm is reduced, the total throughput of the system is increased, and the QoS of the two links is guaranteed. In [8] , the interference and user spatial distribution is considered in the relay selection, and the communication coverage and transmission capacity performance of three geolocationbased relay selection schemes (All Relays Selection, Sectorized Relays Selection and Distance Based Selection) are analyzed. The above researches only studied the selection of D2D relay nodes in the physical domain. In fact, a lot of researches have shown that the social relationships between users will greatly affect the performance of wireless communication [9] , [10] . Particularly, in D2D relay communication, the relay node consumes a large amount of energy in the process of forwarding data for the D2D users. Due to the selfishness of the user, the relay node may passively cooperate in the process of the forwarding, thereby reducing the stability of D2D relay communication.
The prestige-based relay node selection algorithm is proposed in [11] , the willingness and ability of a node to act as a relay node is calculated by considering the residual energy of the device and its social relationship strength with other nodes. And then with the consideration of the channel conditions and data transmission rate requirements, the optimal relay node is selected by the first-price sealed auctions method. Researchers proposed a D2D cooperative relay model that combines social factors and physical factors in [12] , and then proposed a relay selection scheme based on the outage probability, which reduces the outage probability of D2D communication and improves system throughput. In order to ensure fairness, and encourage users to participate in D2D relay assistance communication. With combing energy harvesting technology, a D2D communication provided EH heterogeneous cellular network (D2D-EHHN) is proposed in [13] . The relay devices can harvest energy from the access point (AP) by the energy harvesting technology, and the collected energy will be used in forwarding data. In this way, the outage probability of D2D relay communication will be reduced, and the stability of the transmission link will be improved greatly. In addition, the movement of the relay node may also affect the performance of the D2D relay communication, and the relay communication link may be disconnected due to the departure of the relay node. In [14] , the quality of the relay node is determined by the social relationship between the users and the link quality. And with the consideration of the time cost of the optimal relay node detection, a new relay node is selected by the optimal stopping theory before the original relay link disconnected. It can avoid the disconnection of the relay link, and achieve longterm gain of relay communication traffic.
All of the above studies consider D2D half-duplex relay mode. The relay node needs to complete the data forwarding in two stages. At first, the relay node needs to receive the data from the D2D transmitter. And then forwards the received data to the D2D receiver. The resource utilization efficiency of the system is very low, and there is still much room for improvement in transmission performance. In fact, with the advancement of self-interference cancellation technology in recent years, D2D full-duplex relay communication has attracted the interest of many researchers [15] . In [16] , a D2D full-duplex relay node is selected to assist the base station to communicate with the cell edge cellular users, and a corresponding power allocation scheme is formulated with the goal of optimizing the transmission rate to greatly improve the communication quality of the cell edge users. A fullduplex D2D relay communication scheme that is suitable for joint optimization resource allocation and buffer probability in edge buffer heterogeneous networks is proposed in [17] , the throughput of the system is significantly improved. However, since the self-interference of the full-duplex relay node cannot be completely eliminated, the transmission rate of the D2D full-duplex relay communication cannot reach twice the transmission rate of the D2D half-duplex relay communication. But the relay node is always transmitting signals during the process of forwarding data. Therefore, for the relay node, the energy efficiency in the full-duplex relay mode is lower than that in the half-duplex mode.
In summary, in order to make up for the shortcomings of the existing D2D relay communication scheme, this paper proposed a relay and mode selection algorithm that maximizes the relay communication gain. In the social domain, we obtain the user's mobile behavior characteristics and the social relationship strength between users by analyzing the users' historical check-in information (check-in location and check-in time, etc.). In the physical domain, we analyzed the transmission performance of the full-duplex relay communication and the half-duplex relay communication, and the relay communication mode is flexibly selected according to the minimum demands of the transmission task and the value of the relay communication gain. The stability and transmission rate of the D2D relay communication system constructed by the proposed algorithm is improved greatly.
III. SYSTEM MODEL
Significant challenges have been posed to the design of wireless communication systems with the increase in the number of the wireless communication devices, the higher demands of users for communication service quality and limited spectrum resources. D2D communication allows two adjacent terminals to communicate directly, and can reuse channel resources with ordinary cellular devices. This makes it possible to improve the communication quality of the cell edge users and provide more localization services. It also greatly improves the utilization efficiency of the spectrum resources. Although the receiver and transmitter of the D2D communication are relatively close, due to the difference in environment and channel characteristics, some D2D communication users still need to meet the transmission task's rate requirement by using D2D relay communication. Fig. 1 shows several typical D2D communication modes described above. This paper focuses on Mode 3. The following is a detailed discussion of communication performance and the selection of the relay nodes in this mode.
Most of the existing D2D relay communication research focuses on improving performance such as throughput and transmission rate, while ignoring the actual needs of users. In fact, while the transmission performance meets the needs, users may be more inclined to a stable, low-cost communication method, rather than tending to pursue the ultimate transmission rate and transmission delay performance. Therefore, it is necessary to classify the transmission tasks according to the characteristics of the transmission tasks, and minimum requirements of the transmission tasks of each level will be different regarding the transmission rate.
Let R th = {r th 1 , r th 2 , . . . , r th n } denotes the acceptable lowest transmission rate threshold for each level of transmission tasks, for a total of n levels, and r th k denotes the lowest rate threshold for the k th level of transmission tasks. In order to guarantee the quality of the user's experience, the actual transmission rate cannot be lower than r th k . As shown by Mode 3 in Fig. 1 , D1 and D2 are respectively transmitter and receiver of D2D communication, DR is a relay node, and D2D users and cellular user CUs reuse uplink channel resources. If D1 and D2 are allowed to perform D2D direct communication without DR forwarding, the transmission rate R D1,D2 perceived by the receiver D2 can be denoted as follows according to the Shannon formula:
(1)
Where B is the channel bandwidth, the transmit power of D2D communication is P t , d D1,D2 is the distance between transmitter D1 and receiver D2, h D1,D2 is the channel gain between transmitter D1 and receiver D2, and I C,D2 is the co-channel interference of the cellular user CU to receiver D2, α is the path fading coefficient, and σ 2 is the Gaussian channel noise with a mean of zero. In order to ensure the quality of the user's experience, the transmission rate must meet to the condition R D1,D2 ≥ r th k . In this scenario, D2D single-hop direct communication can satisfy the user's demands and greatly reduce the communication costs. However, in the actual communication environment, due to channel fading and other reasons, the transmission rate that can be achieved when two distant terminals perform D2D communication may be far lower than r th k , or even can't communicate normally. With the potential advantages of D2D relay communication, data forwarding through the relay node DR can expand the range of D2D communication and provide stable transmission performance. It is worth noting that in this paper, the two-hop (only one relay node) D2D relay communication scenario is only considered. When the two-hop D2D relay communication cannot meet the user's transmission performance demands, the base station relay communication (cellular communication) is adopted.
IV. ANALYSIS OF PHYSICAL DOMAIN
D2D relay communication is a technology that has the potential to improve transmission performance, and has received extensive attention and research in recent years. In existing research, there are mainly two relay modes: half-duplex relay mode and full-duplex relay mode. In this section we will give a detailed introduction to the two relay modes.
A. HALF-DUPLEX RELAY
In D2D half-duplex relay communication, the relay node cannot receive and forward data at the same time. In halfduplex relay mode, the relay node needs to complete the data forwarding in two stages, or operating the transmitter and the relay device in different frequency bands. The former is based on the idea of time division multiplexing, and the latter is based on the idea of frequency division multiplexing. The transmission performance of the two methods is not much different, but the relay communication using the frequency division multiplexing idea will consume more energy. Therefore, time division multiplexing is often used in the research of D2D half-duplex relay communication, that is, a time slot is divided into two parts, one for data reception and one for data transmission. The main function of the relay device in the wireless communication system is to amplify the attenuated signal to improve the signal-to-noise ratio of the receiver received signal and expand the communication range. To ensure fairness, we assume that both the D2D transmitter and the relay device in the system use the same power for D2D communication. One transmission slot T is divided into two sub-slots T1 and T2, the slot T1 is used for the relay device DR to receive the data transmitted by the transmitter D1, and the slot T2 is used for the relay device DR to send the received and cached local data to receiver D2. The transmission rates R HD D1,DR and R HD DR,D2 of the T1 and T2 slots can be calculated by (2) .
Therefore, when the device DR is used as a relay node for D2D half-duplex relay communication, the transmission rate R HD DR can be expressed as:
B. FULL-DUPLEX RELAY
Full-duplex communication means that the wireless communication device simultaneously transmits and receives data at the same frequency, but the received signal of full-duplex device will be greatly interfered when transmitting the signal. Due to the rapid development of self-interference cancellation technology in recent years, full-duplex communication has become possible. The full-duplex communication technology avoids the waste of resources caused by the orthogonality between reception and transmission in half-duplex communication, and realizes the doubling of the capacity of the communication system. D2D communication is a short-range direct-communication technology. Its short-range characteristics make it possible to transmit signals at a lower power, and the attenuation of the received signals is also small. These characteristics are very suitable for full-duplex communication. D2D fullduplex relay communication allows the relay device to simultaneously receive and transmit data at the same frequency, which greatly improves the efficiency of data forwarding. Fig. 2 shows the D2D full-duplex relay communication model proposed in [18] and [19] , in which the interference signal of transmitter D1 to receiver D2 is ignored.
Different from the half-duplex relay mode, in D2D fullduplex relay communication, the receiving signal of the relay device will be subject to the self-interference caused by the self-transmitted signal, in addition to the co-channel interference of the cellular device. Therefore, according to (1), we can calculate the transmission rate R FD D1,DR of the first hop in D2D full-duplex relay communication.
Where I DR,DR is the self-interference of the relay device, δ is the self-interference cancellation coefficient, δ ∈ [0, 1]. When δ = 0, there is no self-interference signal residual. When δ = 1, the self-interference cancellation technology is invalid. In order to suppress the interference from the transmitted signal to the received signal and achieve better interference cancellation, most of the researches often use multiple interference cancellation techniques simultaneously, such as antenna separation, analog cancellation and digital cancellation. The above three self-interference cancellation techniques are combined in [20] , the sum suppression of selfinterference cancellation techniques reaches 113dB.
The relay device continuously stores the received data in the buffer while extracting data from the buffer and transmitting it to the receiver D2. According to Fig. 2 , the receiver D2 is subject to the co-channel interference from the cellular user CU in receiving the signal transmitted by the relay device DR. Therefore, the transmission rate R FD DR,D2 of the second hop in D2D full-duplex relay communication can be expressed as:
Similar to D2D half-duplex relay communication, the transmission rate R FD DR,D2 in full-duplex mode is still determined by the smaller values in R FD D1,DR and R FD DR,D2 , as shown in (6) .
It is worth noting that although D2D full-duplex relay communication allows the relay device to simultaneously transmit and receive data at the same frequency, the transmission rate in full-duplex mode cannot reach twice the transmission rate in half-duplex mode due to self-interference. The selfinterference cancellation coefficient is a key factor in determining the transmission rate in full-duplex mode.
V. ANALYSIS OF SOCIAL DOMAIN
In the Section IV, we analyzed the transmission performance of D2D half-duplex relay communication and D2D fullduplex relay communication, and derived the expression of the transmission rate. However, it is a person who carries the wireless communication device, hence the wireless communication device indirectly has the attributes of the person, such as the user's mobility, selfishness and social relationship. Those attributes may indirectly affect the transmission performance of D2D relay communication. In this section we will combine the methods of Social Network to study and analyze related problems in D2D relay communication.
A. LOCATION-BASED SOCIAL AWARE METHOD
In the D2D relay communication, the relay device amplifies the forwarding signal to resist the attenuation of the signal during transmission, thereby expanding the range of D2D communication and increasing the transmission rate. Obviously, the choice of relay nodes is an important part of D2D relay communication. However, when the relay device forwards data for the D2D communication users, it consumes a large amount of energy. Due to the user's selfishness, when the social relationship between the relay user and the D2D communication user is weak, the relay user may be unwilling to participate in the D2D relay communication. On the other hand, since the relay user has mobility, it is likely that the relay communication performance is deteriorated due to the departure of the relay user in the process of performing relay communication, and even the transmission failure is caused.
In fact, with the development of social networks and the increasing popularity of mobile smart terminals, more and more people are accustomed to perform location check-in on social networks. Based on this point, we can obtain the characteristics of user's mobility by analyzing the user's location check-in information to ensure that a relatively stable physical link is established during the relay selection process. In addition, multiple users with strong social relationships tend to check in at the same location. For instance, when friends go shopping together, they may check in at shops and restaurants, or residents in the same community often check in at the housing estate. Therefore, the strength of social relationships between users can be denoted by the similarity of the user's location check-in information.
B. USER PERSONALIZED TIME MODELING
At present, a large number of studies use global user data for modeling, and rarely consider the user's personalized behavior habits and personal preferences, resulting in user personalized information loss. In daily life, different users have different living habits. Some users like to go out and check in during the day. Some users like to go out and check in at night. These check-in behaviors often reflect their personal preferences and living habits. Hence, if the distribution of check-in behaviors of two users is more similar, the more likely they are to have the same personal hobbies and behavioral habits. According to the theory of homogeneity [21] , their social relationship is stronger.
First of all, the user has the possibility to check in 24 hours a day. In order to make the probability function have no serious deviation, this paper divides the user's check-in time into 24 equal parts, corresponding to 24 time slots of the day, and then counts the user's check-in frequency in these 24 time slots. We counted the check-in time frequency of user u i and user u j , as shown in Fig. 3 . The histogram shows the checkin time frequency distribution of the user u i and the user u j respectively. It can be seen from the figure that the check-in habits of these two users are quite different. Therefore, there is a low similarity between the two users in terms of check-in behavior. The above method can estimate the check-in time similarity between users, but it is difficult to achieve the desired result. We divide the day into 24 time slots, which will result in different time points in the time slot, but the checkin frequency is the same, which is obviously not logical. Therefore, the Gaussian kernel function can be used to establish the kernel density estimation distribution based on the check-in time. Kernel density estimation is a non-parametric estimation method. Its advantage is that it does not need to pre-suppose the distribution of samples in advance, and its distribution characteristics can be analyzed according to the sample itself. Compared with the parameter estimation method, the complex distribution hypothesis and the parameter regression process are avoided, which makes the estimation of the sample distribution simple and efficient. Therefore, the kernel density estimation methods greatly apply to personalize modeling of individuals.
Assume that (x 1 , x 2 , · · · , x n ) is taken from a set of independent random variables with the distribution of the sample, f represents the probability density function which is unknown. Its kernel density estimation formula can be expressed as:
In the above formula, h > 0 indicates the window width value, k(·) is a kernel function, and it should meeting the following conditions:
The curve shown in Fig. 3 represents the one-dimensional kernel density estimation distribution of the user's checkin time. There are two advantages to using a continuous distribution. On the one hand, it can accurately reflect the user's check-in behavior distribution in continuous time of day. On the other hand, for users who are not often checked in, they do not have check-in behavior in most of the time slots. If the discrete statistics method is used to calculate the similarity between users, it will cause serious deviations, hence the distribution of continuous kernel density estimation can effectively alleviate the problem.
Assume that user u i has a check-in probability of P ui (t) in time period t. Under the one-dimensional kernel density estimation, the value of check-in time similarity sim t (u i , u j ) of the two users can be calculated by the cosine similarity function, which is expressed as follows:
Where, T ui,uj is the set of check-in time.
C. SOCIAL RELATIONSHIP STRENGTH
As mentioned in the above section, the user's location checkin information reflects the characteristic of user's mobility. Therefore, the more similar the two users' check-in locations are, the greater the probability that the two users will meet and the stronger the social relationship, and the two users are more likely to perform D2D relay communication. Let U = {u 1 , u 2 , . . . , u N } denotes the set of users in the cell, and P = {p 1 , p 2 , . . . p M ,} denotes the set of check-in locations in the cell. Let all users who are checked in at the same place be an interest group. Users can be divided into K = |C| interest communities according to the division of interest groups, and C = {c 1 , c 2 , . . . , c K } represents the set of interest communities. Define a N * K user-community matrix, denoted as F.
If u i belongs to community c j , F ij = 1, otherwise F ij = 0. As shown in Fig. 4 , users may check in at multiple locations, so each user may belong to multiple interest communities. If user u i and user u j belong to the same community, it means that they have similar interests. The more common communities they have, the greater the degree of similarity, then the greater the probability of links and the stronger the social relationship between them. So we can use the probability of generating links between users to represent the strength of the social relationship. According to the method proposed in [22] , the link probability of two users u i and u j in community c k can be calculated as: If one of user u i and user u j does not belong to the community c k , i.e. F ik = 0 or F jk = 0, then S ui,uj (c k ) = 0. Since users may belong to multiple communities, the probability that u i and u j do not have a link can be expressed as:
According to (11) , the probability S ui,uj that u i and u j are linked is:
Since the number of common locations that users have checked in and the historical information of the D2D relay communication also has an influence on the probability of the link existence, so (12) can be modified as follows:
Where U V denotes the user relationship matrix, U V it = 1 denotes that user u i and user u t have performed D2D relay cooperative communication. P V denotes the user's position relation matrix, and P V il = 1 denotes that user u i has checked in at position p l . Among them, the values of the weighting factors ∂ and β are set to 0.3 and 0.4 respectively in this paper. In this way, the probability that each user in the network generates links with other users can be obtained. On this basis, considering the similarity sim t (u i , u j ) between users on the check-in time distribution, the user's personalized behavior habits are matched, and the link existence probability of each user and other users is updated to find other users whose behavior pattern are more similar, the update method is as follows:
Where sim t (u i , u j ) represents the similarity of the user based on the check-in time. In the calculation of the social relationship link probabilityS ui,uj between the user u i and the user u j , the user's personal behavior habits, location interests, and historical information of the D2D relay assisted communication are fully considered, which can fully reflect the social relationship strength between the two users. When performing relay selection, selecting a user with strong social relationship strength with the transmitter and receiver as a relay user can reduce the instability of the link due to user selfishness and mobility, thereby improving transmission performance of D2D relay communication.
VI. RELAY SELECTION
When the users D1 and D2 desire to establish a D2D link for data transmission, if the transmission rate of the D2D direct communication cannot meet the demands of the transmission task due to channel fading or the like, the relay node is required to assist the communication. In Section IV, we analyzed the transmission rates of D2D half-duplex relay communication and D2D full-duplex relay communication.
In order to find a suitable relay node and establish a stable D2D relay communication link, we derive the expression of the social relationship strength between users by studying the user's location check-in behavior in Section V. Overall considering the information of the physical domain and the social domain, a suitable relay node can be selected. However, there are the large number of users in the cell, and the large calculation amount if the relay selection uses all users in the cell as candidate users, so we need to find a suitable candidate relay nodes set first. The set of candidate relay nodes cannot be too huge, otherwise the effect of reducing the amount of calculation cannot be achieved; nor can it be too small, otherwise the optimal relay node may fall outside the candidate set.
It can be seen from (3) and (6) that the relay communication rate in both modes depends on the smaller of the twohop transmission rate, and because the transmitter D1 and the relay device DR both have the same power to transmit the signal, just from the perspective of signal attenuation, the transmission distance of the first hop should be made equal to the transmission distance of the second hop when the relay is selected. Let the midpoint of the line segment connected by the transmitter D1 and the receiver D2 be the center of the circle and d D1,D2 /2 be the radius, and the user in the circular area is regarded as the candidate relay node user, which is represented by the set U R = {u 1 , u 1 , . . . u m }. The distance between D1 or D2 and any user in the set will not be more than d D1,D2 .
Furthermore, from the analysis in Section IV, in the D2D half-duplex relay mode, the transmitter D1 and the relay device DR transmit signals in one time slot T in turn. Moreover in the D2D full-duplex mode, the transmitter D1 and the relay device DR continuously transmit signals throughout the time slot T. And because the transmission rate of D2D fullduplex relay communication is affected by self-interference, VOLUME 6, 2018 the transmission rate in full-duplex mode is better than halfduplex mode, but the transmission rate cannot reach twice in half-duplex mode. Therefore, the energy efficiency of the relay device in full-duplex mode is lower than that in the half-duplex mode. Under the premise of satisfying the transmission task's need for transmission rate, the half-duplex mode can make the relay users more willing to participate in cooperation and improve the stability of the link when cooperating with the relay users whose residual energy is not sufficient. When working with a relay user with sufficient residual energy, the full-duplex mode can complete the transmission task in a shorter time without a large impact on the relay user. In this paper, if the residual energy percentage of the device is less than 60%, the residual energy is considered to be not sufficient. In summary, we divide the candidate relay user set U R into two subsets U HD R and U FD R according to the residual energy of the device, and satisfy U R = U HD R ∪ U FD R . The half-duplex relay communication mode is adopted when the user in the set U HD R is selected as the relay node, and the full-duplex relay communication mode is adopted when the user in the set U FD R is selected as the relay node. In order to select the appropriate relay node and relay mode, this paper proposes a relay communication gain metric to measure the gain that can be brought to the transmission performance by D2D relay communication. (15) and (16) are expressions for the D2D relay communication gain in halfduplex mode and full-duplex mode, respectively. (16) Where u i ∈ U HD R and u j ∈ U FD R . The relay communication gain mainly reflects the performance improvement that can be brought to the transmission performance by using the D2D relay communication method. Since the strength of the social relationships between the relay user and the D2D transmitter and receiver is related to the stability of the D2D relay transmission link, the strength of the social relationships between users and the rate of increase in transmission rate can be brought by relay communication is considered in the calculation of the relay communication gain.
In order to maximize the relay communication gain, this paper proposes a D2D relay node and mode selection algorithm that optimizes the relay communication gain, as shown in Algorithm 1. When two users need to perform D2D communication and the transmission rate of the D2D direct communication cannot meet the task requirement, the running algorithm 1 traverses the candidate relay node sets U HD R and U FD R , and finds the relay nodes u i ∈ U HD R and u j ∈ U FD R that maximize the D2D half-duplex relay communication gain g HD ui and the D2D full-duplex relay communication gain g FD uj according to (15) and (16), respectively. If g HD ui ≥ g FD uj , the D2D half-duplex relay communication mode is adopted, and user u i ∈ U HD R is selected as the relay node. If g HD ui < g FD uj , the D2D full-duplex relay communication mode is adopted, and user u j ∈ U FD R is selected as the relay node.
Algorithm 1 Based on Maximum Relay Communication Gain for Relay and Mode Selection Algorithm
Input: Transmitter D1, receiver D2 and the set of candidate nodes U R Output:Relay node and mode selection scheme for maximizing relay communication gain 1: According to the user's check-in time, calculating the check-in time similarity sim t (D1, u i ) and sim t (D2, u i ) by the one-dimensional kernel density estimation and cosine similarity formula, u i ∈ U R ; 2: According to the user's check-in history information, calculating the social relationship strengthsS D1,ui and S D2,ui by equations (9), (13) and (14), u i ∈ U R ; 3: According to the residual energy information of the node, constructing sets U HD R and U FD R ; 4: According to (1), calculating the transmission rate R D1,D2 of D2D direct communication; 5: Traversing the set U HD R , calculating the maximum relay communication gain g HD ui in the half-duplex relay mode according to (2)(3)(15), and mark the associated relay node u i ∈ U HD R ; 6: Traversing the set U FD R , calculating the maximum relay communication gain g FD uj in the full-duplex relay mode according to (4)(5)(6)(16) If the relay users that can make the communication gain positive are not found after traversing the sets U HD R and U FD R , the channel quality between the candidate relay user and the user D1 or user D2 is too bad, and the two-hop D2D relay communication cannot meet the needs of the transmission task. Only cellular communication mode can be used.
VII. NUMERICAL RESULTS AND PERFORMANCE ANALYSIS
In this section, the performance of the proposed Based on Maximum Relay Communication Gain for Relay and Mode Selection Algorithm (MGRMS) is verified by simulation experiments. The comparison algorithms include the Based on Maximum Throughput for Relay Selection Algorithm (MTRS) and the Random Relay Selection Algorithm (RRS) mentioned in [11] , and D2D single-hop direct communication. In addition, since the received signal of the device in D2D full-duplex communication will be interfered by the self-interference signal, this section will discuss the influence of the self-interference cancellation coefficient on the communication performance in detail.
The simulation experiment considers that in a single-cell scenario, assuming a cell radius of 500 m, the geographic location of users within the cell is subject to random distribution. The D2D communication users reuse the uplink channel with the cellular users, and the transmit power of all mobile communication devices in the cell is 23 dBm. The channel bandwidth is 180 kHz and the power spectral density of Gaussian channel noise is −174 dBm/Hz. The channel model considers Rayleigh fading and path fading, and the Rayleigh fading obeys an exponential distribution with a mean of 1. While according to the modified COST231-Hata urban propagation model, the path fading index of the uplink channel is set to 4.7. The path fading index when the cellular user generates co-channel interference to the D2D receiver is set to 3.5, and the path fading index between the indoor D2D links is set to 2 [23] . The specific parameter settings of the simulation experiment are shown in Table 1 .
In the simulation experiments, the transmission rate, relay communication gain, and social stability performance of each scheme are mainly considered. Social stability is defined as (S D1,ui +S ui,D2 )/2. The selection of the relay node and the distance between the transmitter and the receiver are the key to determine the performance of the D2D relay communication. Therefore, the simulation experiment mainly analyzes the influence of the number of candidate relay nodes and the distance between the transmitter and the receiver on the above three performances.
A. EFFECT OF SELF-INTERFERENCE CANCELLATION COEFFICIENT ON PERFORMANCE
In the proposed algorithm, the system divides the candidate relay nodes into full-duplex relay node set U FD R and half-duplex relay node set U HD R according to the amount of residual energy, and then the relay communication mode and the selection of the relay node are determined according to the size of the relay communication gain. In full-duplex communication, the device is allowed to receive and transmit signals at the same frequency at the same time, but the device will greatly interfere with the received signal when transmitting the signal. Therefore, the effect of self-interference cancellation determines the performance of full-duplex communication. In [20] , researchers combined a variety of interference cancellation techniques to achieve a self-interference cancellation coefficient of 113dB. As shown in Fig. 5 , we compare the performance of the proposed algorithm with the self-interference cancellation coefficients set to 40 dB, 80 dB and 113 dB, respectively.
It can be seen from Fig. 5 that the larger the selfinterference cancellation coefficient, the better the performance of the MGRMS algorithm. Fig. 5 (a) and Fig. 5 (b) show the effect of the distance between the transmitter and the receiver on the transmission rate and relay communication gain, respectively. In the urban scene, when the distance between the receiver and the transmitter of the D2D communication is larger, on the one hand, the path fading is larger, on the other hand, the channel characteristics are more complicated, and the receiving SINR of the receiver is smaller. By using D2D relay communication, it is possible to counteract the negative impact of the harsh direct communication link by using suitable relay nodes to forward data, thereby achieving greatly improved communication performance. As shown in Fig. 5(a) , the transmission rate of the MGRMS algorithm is much higher than that of the D2D single-hop direct communication even when the self-interference cancellation coefficient is set to 40 dB. And in the process of the transmission rate decreasing as the distance continues to increase, the transmission rate decline of the MGRMS algorithm decreases far less than the rate decline of D2D single-hop direct communication. Because of this, as shown in Fig. 5(b) , the difference value between the MGRMS algorithm and the D2D single-hop direct communication rate also increases as the distance increases, making the relay communication gain of the MGRMS algorithm larger and larger.
Choosing the suitable relay node is the key to improve communication performance of D2D relay communication.
If the channel quality between the selected relay node and the receiver or transmitter is not good, or the relay node has strong mobility, or the social relationship between the relay node and the receiver or transmitter is fragile, will make the relay transmission link unstable, thereby reduce the performance of D2D relay communication. As can be seen from Fig. 5(c) and Fig. 5(d) , as the number of candidate relay nodes continues to increase, the relay communication gain and social stability of the MGRMS algorithm are constantly rising. The more the number of candidate relay nodes, the more MGRMS algorithm can find a more suitable relay node for data forwarding, which greatly improves the transmission performance.
The proposed MGRMS algorithm has the advantage of being able to flexibly select half-duplex and full-duplex relay modes. It is far superior to D2D single-hop direct communication in transmission rate performance, and its transmission link also has stronger social stability. Moreover, as the selfinterference cancellation coefficient increases, the performance advantage becomes more apparent. Fig. 6 shows the relationships between the transmission performance of the MGRMS algorithm, the MTRS algorithm, VOLUME 6, 2018 and the RRS algorithm, and the distance between the transmitter and the receiver and the number of candidate relay nodes. The RRS algorithm uses D2D half-duplex relay mode and randomly selects a relay node. The MTRS algorithm uses D2D half-duplex relay communication mode and selects a relay node for the purpose of maximizing throughput. The MGRMS algorithm proposed in this paper aims to maximize the relay communication gain, and flexibly selects the relay node and the relay mode. The relay mode can be either D2D half-duplex mode or D2D full-duplex mode.
B. PERFORMANCE COMPARISON OF THREE ALGORITHMS
As shown in Fig. 6(a) , the transmission rates of the three algorithms using D2D relay communication to resist signal attenuation are much better than those of D2D single-hop direct communication. The transmission rate of the MTRS algorithm for the purpose of maximizing throughput is higher than that of the random selection relay node. Thanks to the flexibility of the MGRMS algorithm for switching between D2D half-duplex relay mode and D2D fullduplex relay mode, the transmission performance is greatly improved by virtue of full-duplex communication. Therefore, its transmission rate is far superior to the MTRS algorithm and the RRS algorithm. As the distance between the receiver and the transmitter increases, the transmission rates of the three algorithms are decreasing, and the speeds of the three algorithms are similar. As shown in Fig. 6(b) , in terms of relay communication gain performance, since neither the MTRS algorithm nor the RRS algorithm considers the social stability of the relay link, the relay communication gain growth rate of the MGRMS algorithm is much higher than that of the MTRS algorithm and the RRS algorithm in the process of increasing the distance between the transmitter and the receiver.
As shown in Fig. 6 (c) and Fig. 6(d) , similarly, the MTRS algorithm and the RRS algorithm do not take into account the influence of the strength of the social relationships between users on the transmission performance in the selection of the relay node. In the process of continuously increasing the number of candidate relay nodes, the relay communication gain and social stability of the MTRS algorithm and the RRS algorithm hardly increase, while the MGRMS algorithm can select relay node that makes the physical link and social relationship more stable from among the many candidate relay nodes, so that the relay communication gain and social stability are further improved. More importantly, the social stability of the link in the system using the MGRMS algorithm is superior to the D2D relay communication system using the MTRS algorithm and the RRS algorithm.
In summary, the D2D relay communication method can greatly improve the communication quality of D2D users with poor quality channels. The proposed MGRMS algorithm analyzes the user's check-in information to obtain the characteristics of user's mobility and the social relationship strength between users, and then flexibly selects the relay node and the relay mode for the purpose of maximizing the relay communication gain. Compared with the comparison algorithms, the transmission rate and link stability of the D2D relay communication system using the MGRMS algorithm proposed in this paper are greatly improved.
VIII. CONCLUSION
D2D relay communication uses relay nodes to forward data, which can improve transmission performance and expand communication range. A large number of studies have achieved a significant increase in transmission rate by selecting an appropriate relay node. However, the mobility, selfishness, and trust between users affect the stability of the transmission link, which in turn affects the long-term gain of transmission performance. Based on this, this paper proposes a social-aware relay selection scheme for maximizing relay communication gain. First, we calculate the strength of social relationships between users by the similarity of the user's check-in location and interest community. Then, by analyzing the time distribution characteristics of the user's check-in behavior, the time-similarity of the user's check-in behavior is used to update the social relationship strength value. Finally, we derive the relay communication gain expressions for D2D half-duplex relay communication and D2D full-duplex relay communication, and the relay node and the relay communication mode are flexibly selected according to the residual energy of the candidate relay node and the relay communication gain. The proposed MGRMS algorithm takes into account the personalized time distribution characteristics of user check-in interest and check-in behavior in the process of calculating the strength of social relationships among users. It reflects the similarity of mobile behavior between users and the relationship strength of social domains between users, and can flexibly switch between half-duplex relay mode and full-duplex relay mode. The simulation results show that the MGRMS algorithm greatly improves the transmission rate of D2D relay communication, and the D2D relay communication link composed of the selected relay node has strong stability. 
